The microtubule-associated protein ASPM (abnormal spindle-like microcephaly-associated) plays an important role in spindle organization and cell division in mitosis and meiosis in lower animals, but its function in mouse oocyte meiosis has not been investigated. In this study, we characterized the localization and expression dynamics of ASPM during mouse oocyte meiotic maturation and analyzed the effects of the downregulation of ASPM expression on meiotic spindle assembly and meiotic progression. Immunofluorescence analysis showed that ASPM localized to the entire spindle at metaphase I (MI) and metaphase II (MII), colocalizing with the spindle microtubule protein acetylated tubulin (Ac-tubulin). In taxoltreated oocytes, ASPM colocalized with Ac-tubulin on the excessively polymerized microtubule fibers of enlarged spindles and the numerous asters in the cytoplasm. Nocodazole treatment induced the gradual disassembly of microtubule fibers, during which ASPM remained colocalized with the dynamic Ac-tubulin. The downregulation of ASPM expression by a genespecific morpholino resulted in an abnormal meiotic spindle and inhibited meiotic progression; most of the treated oocytes were blocked in the MI stage with elongated meiotic spindles. Furthermore, coimmunoprecipitation combined with mass spectrometry and western blot analysis revealed that ASPM interacted with calmodulin in MI oocytes and that these proteins colocalized at the spindle. Our results provide strong evidence that ASPM plays a critical role in meiotic spindle assembly and meiotic progression in mouse oocytes.
Introduction
In mammals, meiosis is unique to germ cells and is critical for sexual reproduction [1] . In females, meiosis occurs in cells known as oogonia. Each oogonium that initiates meiosis divides twice to form a single oocyte. Oocytes from all mammalian species are blocked in the ovary in prophase of meiosis I until meiosis resumes. During arrest, they contain a large centrally located nucleus called the germinal vesicle (GV). After individual sexual maturation, the oocyte is triggered to resume meiosis by gonadotropin stimulation or other factors. Then, the GV undergoes breakdown (GVBD), chromatin is condensed into chromosomes, and the typical barrelshaped spindle begins to form around the chromosomes. Spindle formation is followed by two consecutive asymmetric divisions, resulting in the formation of a large haploid oocyte and small polar bodies [2] .
These asymmetric cell divisions ensure the maximal retention of the maternal cytoplasmic components that are required for early development [3] . Asymmetric cell division is closely related to cell polarity, spindle position and spindle orientation. The polarity of the mouse oocyte affects the migration of the spindle to the cell cortex and the polarization of the cortex, the former of which relies on microfilaments (i.e., actin fibers). Microfilaments are polymers formed by globular actin monomers. So far, three main types of microfilament nucleation factors have been found: the Actin-related protein 2/3 complex and the Spire and Formin proteins. Meanwhile, studies of Mos, a member of the small G protein superfamily, have shown that this protein plays important roles in spindle movement. In the mouse, the cortex of GV-stage oocytes has no apparent polarity but becomes polarized during maturation [4] . The molecular details of oocyte cortical polarization are only beginning to emerge.
Meanwhile, meiotic spindle assembly and migration is crucial for meiotic progression and the asymmetry of the meiotic division. The spindle, which is mainly composed of microtubules, is an essential cellular structure that is responsible for the accurate segregation of chromosomes in both mitosis and meiosis [5] . Unlike the mitotic spindles of somatic cells, which have astral microtubules and centrosomes and are diamond-shaped, the spindles of meiotic oocytes are barrel-shaped and have microtubule organizing centers (MTOCs) that functionally replace centrosomes and form de novo from a cytoplasmic microtubule network during prophase [6] . MTOCs are essential for meiotic spindle assembly. Recently, it has been reported that PKCd [7] , BRCA1 [5] , LGN [8] , and Nedd1 [9] play critical roles in meiotic spindle organization and spindle stability. However, many of the molecules involved in the complex process of meiotic spindle assembly and positioning during meiosis remain to be identified.
ASPM is a structurally and functionally conserved microtubule associated protein. In Drosophila, ASPM is enriched at the poles of meiotic and mitotic spindles and localizes to the minus ends of central spindle microtubules, and it is involved in microtubule organization during spindle formation and cytokinesis [10] . In C. elegans, ASPM and calmodulin work together to promote meiotic spindle organization and the accumulation of LIN-5 at meiotic and mitotic spindle poles. These proteins also contribute to meiotic spindle positioning in conjunction with the microtubule motor dynein [11] . CDK-1 blocks rotation by inhibiting dynein association with microtubules and with LIN-5-ASPM-1 at meiotic spindle poles, while the Anaphase-promoting complex (APC) promotes spindle rotation by inhibiting CDK-1 [12] . In mammals, ASPM is involved in the regulation of neurogenesis, and mutations in ASPM have been linked to primary autosomal recessive microcephaly (MCPH) [13, 14] . The predicted ASPM protein has two distinct regions: N-terminal putative calponin-homology (CH) domains and a large block of IQ motifs, which are commonly involved in actin binding and mediating interactions with calmodulin and calmodulin-related proteins, respectively [15, 16] . ASPM is widely expressed in fetal and adult tissues and is upregulated in malignant cells [17] . In human U2OS osteosarcoma cells, ASPM knockdown alters the positioning of the mitotic spindle from parallel to perpendicular to the substrate, effectively altering the division symmetry from symmetrical to asymmetrical, thus inducing cytokinesis failure and apoptosis [18] . Meanwhile, in human U2OS cells, the downregulation of endogenous ASPM by siRNA decreases the levels of endogenous BRCA1 protein, which indicates that ASPM may be involved in mitotic spindle function, possibly through the regulation of BRCA1 [19] . Recently, it has been reported that BRCA1 plays an important role in meiotic spindle organization in mouse oocytes [5] .
In ASPM mutant mice, truncated ASPM proteins similar to those that cause microcephaly in humans fail to localize to the midbody during M phase. This causes not only mild microcephaly but also a massive loss of germ cells, resulting in a severe reduction in testis and ovary size accompanied by low fertility [20] . This observation led us to further study the function of ASPM in mouse oocyte meiosis. First, we examined the subcellular localization of ASPM during oocyte maturation. We then analyzed the behavior of ASPM during spindle-perturbing drug treatment and evaluated the effects of gene-specific morpholino-mediated ASPM knockdown on meiotic spindle assembly and meiotic progression. Furthermore, we identified ASPM-interacting proteins in MI oocytes by coimmunoprecipitation combined with mass spectrometry and western blot analysis. The results provide strong evidence showing that ASPM plays a critical role in meiotic spindle assembly and meiotic progression.
Results

Expression and Subcellular Localization of ASPM During Mouse Oocyte Meiotic Maturation
To investigate the role of ASPM during mouse oocyte meiotic maturation, we examined its expression and subcellular localization. An analysis of ASPM expression in mouse oocytes during meiosis by western blot revealed four bands, corresponding to 364, 212, 130, and 70 kDa,each with similar expression levels among different stages (GV, GVBD, MI, MII) ( Figure 1A ). Therefore, ASPM was expressed in oocytes from the GV to MII stages.
To examine the subcellular localization of ASPM, we performed immunofluorescence staining on oocytes at different stages of maturation and also on mouse embryonic fibroblasts (MEFs). At the GV stage, ASPM was distributed evenly in the cytoplasm. At GVBD, when chromatin was condensing and microtubules were beginning to polymerize, ASPM congregated around the chromatin and colocalized completely with the microtubules. When oocytes progressed to pro-MI and MI, ASPM was concentrated at the total spindle apparatus; for MIIarrested oocytes, ASPM was concentrated at the spindle and the polar body ( Figure 1B ). Throughout meiosis, Ac-tubulin coimmunostained with ASPM, suggesting that ASPM might play a role in spindle organization. However, in metaphase and telophase somatic MEFs, ASPM localized to the spindle poles ( Figure 1C ), distinct from its localization in the oocytes.
Localization of ASPM in Mouse Oocytes Treated with Spindle-Perturbing Agents
To clarify the correlation between ASPM and microtubules, we treated MI oocytes with spindle-perturbing drugs (nocodazole and taxol). First, we treated the MI oocytes for 5, 10 and 15 min with the microtubule-depolymerizing agent nocodazole. We found that the microtubules were gradually disassembled with an increase in treatment time, and no intact spindles were observed in the oocytes after 15 min; ASPM remained colocalized with Ac-tubulin during the entire process ( Figure 2A) .
Next, the MI oocytes were treated with the microtubulestabilizing reagent taxol (10 mM) for 45 min. After treatment, the microtubule fibers in taxol-treated oocytes were excessively polymerized, and numerous asters were observed in the cytoplasm. Again, ASPM remained colocalized with Ac-tubulin ( Figure 2B ).
Downregulation of ASPM by a Gene-specific Morpholino Disrupts Meiotic Spindle Assembly and Meiosis Procession
Gene-specific morpholino oligonucleotides have proven to be an effective approach for gene knockdown in mouse oocytes [21, 22] . Western blot analyses revealed that ASPM protein expression was reduced by 49.14% in mouse oocytes by microinjecting ASPM-specific morpholino oligonucleotides ( Figure 3) .
After 18 h of culture, DAPI-labeled DNA configurations were assessed to determine the progression of meiosis in each group of mouse oocytes (Table 1) . Of the total oocytes evaluated, 83.48% and 70.85% progressed to MII in the uninjected control group and the control morpholino group, respectively; however, in the ASPM morpholino group, only 19.51% of the oocytes progressed to MII, while most remained at MI. This result indicated that the decrease in the expression of ASPM greatly disrupted the meiotic progression.
To further evaluate the functional effects of the downregulation of ASPM expression, the oocytes were examined by immunofluorescence. As shown in Figure 4 , ASPM depletion led to abnormal spindle assembly. Elongated spindles were frequently observed in oocytes with reduced expression of ASPM, while disorganized spindles lacking intact poles were also found ( Figure 4B ). Abnormal meiotic MI and MII spindle organization was observed in 13.33% and 11.06% of the uninjected control oocytes and in 4.34% and 12.45% of the oocytes injected with morpholino control, respectively. In contrast, in ASPM morpholino-injected oocytes, 45.28% and 47.80% of oocytes exhibited abnormal meiotic MI and MII spindle assembly, respectively (Table 2) . There were significant differences between the morpholino control and the ASPM morpholino-injected group (P,0.05). These results indicate that ASPM is required for meiotic spindle assembly during both meiotic divisions.
To quantitatively compare the behavior of the spindle in control oocytes and in ASPM morpholino-injected oocytes, we measured the spindle length (S), the distance from the spindle pole to the closer cortex (D1), and the distance from the other spindle pole to the further cortex (D2) at the end of culture, as previously described [23] 
The Spindle Protein Calmodulin Co-immunoprecipitated with ASPM
The detection of ASPM at the meiotic spindle and downregulation of ASPM led to an abnormal meiotic spindle and inhibited meiotic progression prompted us to investigate whether ASPM co-localized with specific spindle-associated proteins to control spindle assembly. Lysates from MEFs and mouse MI-stage oocytes were used for the studies. The immunoprecipitation (IP) of ASPM from lysates followed by mass spectrometry identified a peptide absent from control IPs that corresponded to calmodulin (data not shown). Further western blot analysis confirmed the expression of calmodulin as a 20-kDa band in the IP elution lane; the same bands were detected in control MEF cell lysates but not in the IP-control lane ( Figure 6A ).
These results indicated that ASPM co-immunoprecipitated with calmodulin in the MEFs and in the mouse oocytes. Therefore, we next tested the localization of ASPM and calmodulin during mouse oocyte meiosis. We found that ASPM and calmodulin colocalized at the spindles of MI and MII oocytes ( Figure 6B ).
Discussion
In this study, we provide the first evidence that ASPM is a conserved microtubule-associated protein that plays an essential role in the control of spindle organization during mouse oocyte meiotic maturation. The perturbation of ASPM function causes meiotic spindle assembly defects, and first polar body extrusion (PBE) greatly decreased when ASPM was partially inhibited.
Previous reports have shown that ASPM colocalizes with ctubulin at the spindle poles during mitosis in Drosophila [24] and human U2OS, HeLa and HaCaT cells [19] . Therefore, we examined the localization of ASPM in mouse oocytes at different stages by immunofluorescence. Our results showed that ASPM and the spindle microtubule protein Ac-tubulin were colocalized to the entire spindle at MI and MII and also overlapped at the midbody in telophase I ( Figure 1B ). This localization pattern may indicate that ASPM regulates spindle assembly during mouse oocyte maturation. However, this was inconsistent with the previously published observations of ASPM localization during mitosis, so we investigated the localization in mouse MEFs to ensure the reliability of the ASPM antibody. In MEFs, ASPM localized to the spindle poles during mitotic metaphase ( Figure 1C) . Therefore, we deduced that ASPM played different roles in mitosis and meiosis. Meanwhile, this was the first demonstration of ASPM localization in mouse oocytes.
The subcellular colocalization of Ac-tubulin and ASPM during meiotic maturation prompted us to further explore the relationship between microtubules and ASPM using the spindle-perturbing drugs nocodazole and taxol. After nocodazole treatment, microtubules were depolymerized; ASPM and Ac-tubulin disappeared from the spindle upon complete spindle collapse. After taxol treatment, microtubule fibers were excessively polymerized and formed a large spindle, together with numerous asters in the cytoplasm of treated oocytes, ASPM and Ac-tubulin colocalized to the spindle and cytoplasmic asters. Therefore, the localization pattern of ASPM is similar to that of other proteins that are involved in spindle formation, such as septin1, which is most likely attached to the spindle components, perhaps participating in meiotic spindle assembly and maintenance [25] .
To dissect the role of ASPM in mouse oocyte maturation, we used gene-specific morpholino injection to knock down ASPM protein expression and assess the loss of function phenotype. Western blot confirmed that the ASPM protein level was reduced by 49.14% after ASPM morpholino injection. Previous reports showed that some conserved proteins involved in the regulation of spindle organization and spindle assembly are relatively stable, such as LGN and p38a, but even moderate downregulation can cause functional effects [8, 22] . After morpholino injection, a large proportion of ASPM-ablated oocytes exhibited spindle assembly defects. The predominant phenotypes included spindle elongation and disorganized spindle poles. In C. elegans, ASPM, as a novel LIN-5 binding partner, acts together with calmodulin to promote meiotic spindle organization [11] . The RNAi knockdown of ASPM and calmodulin resulted in a specific loss of LIN-5 from meiotic spindles and caused obvious defects in MI and MII. Meanwhile, ASPM was no longer detected at meiotic and mitotic spindles after RNAi of calmodulin, so calmodulin is needed for the localization of ASPM [11] . LIN-5 (an ortholog of mammalian NuMA), a microtubule crosslinker, and dynein/dynactin, a multisubunit microtubule minus-end-directed motor complex, regulate spindle length [26] . Our data showed that during MI, ASPM coimmunoprecipitated with calmodulin and that these two proteins colocalized to the spindle. It has been demonstrated that calmodulin binding to IQ motifs induces a conformational change that regulates the binding of actin to the amino-terminal CH domains [27] . CH and IQ domains were first discovered in motor proteins such as unconventional myosins [28] . A recent study of myosin X function in early Xenopus embryo mitosis indicated that unconventional myosin ensured pole integrity and normal spindle length by localizing to poles and exerting pulling forces on actin filaments within the spindle and also reported increased spindle length upon knockdown of myosin X, presumably due to the activation of the spindle assembly checkpoint (SAC) [29] .
In addition, the downregulation of ASPM significantly decreased the PBE rate; most of the oocytes remained blocked in MI. In C. elegans, the same phenomenon was observed in ASPMdeleted oocytes [11] . In Drosophila, abnormal spindle (asp) contains six consensus sites for phosphorylation by p34cdc2 and four consensus sites for phosphorylation by MAP kinase [24] , and Drosophila asp mutants exhibit mitotic metaphase checkpoint arrest with abnormal spindle poles [30] . Based on these data, we hypothesize that most of the oocytes blocked in MI after the downregulation of ASPM may be attributed to the metaphase checkpoint arrest and spindle assembly checkpoint (SAC) malfunction, blocking the activation of the anaphase-promoting complex. However, further studies will be needed to dissect the molecular machinery and determine how the perturbation of ASPM affects SAC function.
Taken together, our ASPM subcellular localization, interaction and function data strongly suggest that ASPM plays a critical role in meiotic spindle organization and meiotic progression. Understanding the nature and function of ASPM on mouse oocyte meiosis will enrich our knowledge of the regulatory mechanisms involved in spindle organization and lay the foundation for further exploration of the intricacies of the meiotic cell cycle.
Materials and Methods
Ethics Statement
The experimental procedure was approved by the Animal Care Commission of the College of Animal Sciences and Technology, China Agricultural University. The adult (8-week-old) C57BL/6J female and DBA/2J male mice purchased from laboratory animal research center of the Academy of Military Medical Sciences. They were housed in a standard animal facility under conditions of controlled temperature (20uC) and photoperiod (a 12:12-hour light/dark schedule), with food and water provided ad libitum.
Chemicals
All chemicals were purchased from Sigma-Aldrich (Sigma, USA) unless otherwise indicated.
Oocyte Collection and Culture
Oocytes were isolated from 21-to 23-day old female B6D2F1 (C57BL/6J6DBA/2J F1) mice that had been injected with 5IU of pregnant mare serum gonadotropin (PMSG) to stimulate preovulatory follicle development. The oocytes were collected in M2 medium with or without 2.5 mM milrinone to keep the oocytes at the GV stage. The oocytes were then washed thoroughly and cultured in M2 under liquid paraffin oil at 37uC in an atmosphere containing 5% CO 2 in air. At different time points during the culture, the oocytes were collected for immunofluorescence, drug treatment, microinjection and western blot.
Nocodazole and Taxol Treatment of MI Oocytes
MI-stage oocytes were treated with nocodazole or taxol. For nocodazole treatment, 10 mg/ml nocodazole in dimethylsulfoxide (DMSO) stock was diluted in M2 medium to a final concentration of 20 mg/ml, and oocytes were incubated in this medium for 5, 10 or 15 min; for taxol treatment, 5 mM taxol in DMSO stock was diluted in M2 medium to a final concentration of 10 mM, and MIstage oocytes were incubated in this medium for 45 min at 37uC in an atmosphere of 5% CO 2 in air. After treatment, the oocytes were washed thoroughly and prepared for immunofluorescence. Control oocytes were treated with the same concentration of DMSO in the medium before examination.
Immunofluorescence and Confocal Microscopy
For the immunofluorescence staining of ASPM, calmodulin and Ac-tubulin, oocytes were fixed in 4% paraformaldehyde in PBS (pH 7.4) and permeabilized with 0.5% Triton X-100 for 45 min at 37uC. After three washes with 0.1% PVA/PBS at 37uC for 5 min, the oocytes were blocked in PBS supplemented with 1% BSA for 1 h and incubated overnight at 4uC with 1:500 rabbit anti-ASPM antibody (purchased from the Bethyl Laboratories, USA), 1:200 mouse anti-calmodulin antibody (purchased from the Invitrogen, USA) or 1:10000 anti-Ac-tubulin antibody. The oocytes were then washed three times in 0.1% PVA/PBS containing 0.02% Triton X-100 at 37uC for 20 min each and labeled with Alexa Fluor 594 Goat Anti-Rabbit or Alexa Fluor 488 Goat Anti-Mouse (Molecular Probes) for 1 h at room temperature in the dark. After another three washes in 0.1% PVA/PBS containing 0.02% Triton X-100 at 37uC for 20 min each, the oocytes were costained with DAPI (Sigma). Finally, the oocytes were mounted on glass slides and examined with a confocal laser scanning microscope (Zeiss LSM 510 META, Germany).
Co-immunoprecipitation
Co-immunoprecipitation studies were undertaken to determine whether endogenous ASPM interacts with specific 
Western Blot
Denuded GV-, GVBD-, MI-and MII-stage oocytes were collected and frozen in 2X Laemmli buffer (Bio-Rad) with protease inhibitors. Prior to analysis, the samples were thawed and subsequently heated to 100uC for 5 min. The proteins were separated on 7.5% or 12% acrylamide gels containing 0.1% SDS and then transferred onto hydrophobic PVDF membranes (Amersham, Piscataway, NJ). The membranes were blocked with 5% non-fat dried milk in TBS containing 0.05% (v/v) Tween-20 overnight at 4uC and incubated with a diluted rabbit antibody against ASPM (1:2000) and mouse antibody against calmodulin (1:1000) for 2 h at room temperature, followed by three (20-minute)washes in TBS containing 0.05% (v/v) Tween-20. A peroxidase-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA) was added for 1 h, and protein bands were then detected using an ECL-plus system (Amersham, Piscataway, NJ). The densitometries of bands were analyzed with Image J software.
Knockdown of ASPM Expression in Oocytes by Genespecific Morpholinos
To assess ASPM function in oocyte meiosis, ASPM-specific morpholinos (TAGAAGCCGAGCCACCAGAGGTCAT, Gene Tool), 25 nucleotides in length, were used to knockdown ASPM translation levels in oocytes. Control groups included: (i) noninjected oocytes that were subject to the same culture conditions and (ii) oocytes injected with standard control morpholinos (CCTCTTACCTCAGTTACAATTTATA, Gene Tool). For each group, 10pl of 1 mM morpholino solution (Gene Tool) was microinjected directly into the cytoplasm of denuded, fully grown oocytes arrested at GV in medium supplemented with 2.5 mg/ml milrinone. Sterile Femtotip capillaries and a FemtoJet microinjector (Eppendorf, Westbury, NY) were used to standardize the injection volumes. Following oocyte microinjection, oocytes were maintained in GV arrest for 30 h. The oocytes were subsequently washed thoroughly, transferred to fresh medium and cultured for an additional 18 h. Finally, the oocytes were collected for further western blot and immunostaining analysis.
Statistical Analysis
All data are presented as the mean percentages (6 SEM) of a minimum of 3 independent experimental replicates. The different groups were analyzed by one-way ANOVA using the program SAS (SAS Institute, Cary, NC, USA). Significance was assigned at P,0.05.
